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Technical Abstract

Resonant column and torsional shear (RC/TS) testing was performed on samples
of Bonneville silty-clay from four sites around the Wasatch Front. The purpose of these
tests was to measure the nonlinear modulus and damping of these soils. The report
contains the details of the testing and analysis procedure including the approach used to
correct for back-EMF in the RC/TS apparatus. The soils tested included soils classified
as ML, CL, and CH. PI's of the soils tested ranged from 2 to 34. This range of
properties is a good representation of the variability of Lake Bonneville Lacustrine soils.
Empirical relationships based upon the PI of a soil and confining pressure are often used
to predict nonlinear properties of soils for seismic analysis. All of the Bonneville soils
exhibited more linear behavior (lower damping and less modulus reduction at a given
strain) than would be predicted based upon the commonly used empirical relationships of
Vucetic and Dobry (1991), Sun et al. (1988}, and Darendeli (2001). Procedures to correct
for this increased linearity are proposed. Using the Vucetic and Dolbry relationships with
a PI value 10 higher than actual PI provides a good prediction of the behavior of
Bonneville soils. A linear increase (presented in the report) in PI Darendeli’s relationship
also provides a good prediction of the behavior of Bonneville soils. The measurements
show the same effect of confinement as predicted by Darendeli’s relationship. Other
relationships, such as Vucetic and Dolby and Sun, do not include the effect of
confinement. One possible explanation for the more linear behavior of the Bonneville
soils is their relatively young age. Many of the soils used to develop the empirical
relationships are tertiary soils. Zhang et al. (2004) also show that the empirical
relationships provide better predictions for tertiary soils than quaternary soils in South
Carolina.



Non-Technical Abstract

Resonant column and torsional shear (RC/TS) testing was performed on samples
of Bonneville silty-clay from four sites around the Wasatch Front. The purpose of these
tests was to measure the dynamic properties of the soils that are used in a site-specific
seismic analysis. Bonneville soils were deposited in ancient Lake Bonneville, and the
properties of these soils vary significantly around the Wasatch Front. The soils tested m
this study span this variability. Empirical relationships developed by several researchers
are often used to predict the dynamic properties of soils for seismic analysis. This study
found that Bonneville soils consistently behave quite differently than would be predicted
by these empirical relationships. Bonneville soils behaved more linearly than the
empirical relationships predict. This means that there will be less loss of seismic energy
as earthquake waves propagate through Bonneville soils than would be predicted.
Methods to correct for the differences between the measured and predicted behavior are
proposed.
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DYNAMIC PROPERTIES OF BONNEVILLE CLAY

1 INTRODUCTION

Resonant columm (RC) and torsional shear (TS) testing was performed on
Bonneville clay to develop modulus reduction curves and damping curves. Previous to
this study, no measurements have been made of modulus reduction and damping in
Bonneville clay. In this testing, the electromagnetic model was used to correct for
equipment generated damping and the stress integration approach was used to calculate
stresses and strains. This report is separated into four sections. Each section is described
below.

The first section presents a description of soil specimens used in this study. Soil
description includes sample depth and location, physical properties, and soil
classification.

The second section presents the RC/TS testing procedures. These procedures
include the specimen preparation and RC and TS testing sequences.

The third section briefly presents the RC/TS analysis procedures. These
procedures include correction for equipment generated damping, and application of the
stress integration approach to develop modulus reduction and damping curves.

And the fourth section presents a discussion of the factors affecting the modulus
reduction and damping curves for Bonneville clay. These factors are plasticity index,
confining pressure. The modulus reduction and damping of Bonneville clay are
compared with generic modulus reduction and damping curves. These comparisons show
that Bonmneville clay behaves more linear than generic curves predict. At the end of this
section, conclusions drawn from the test results are presented.

2 SOIL SPECIMENS

Bonneville clay is very soft lacusirine silty-clay deposited in Ancient Lake
Bonneville. It underlies the shores of both the Great Salt Lake and Utah Lake as well as
the large portions of Salt Lake Valley and adjacent valleys. Seven samples of Bonneville
clay were tested in this study. They were obtained from four different sites distributed
across the Wasatch front, Three samples were collected at a site near the Provo River in
Utah County. One sample was from a site at Nibley in Cache County. One sample was
from a site in Logan in Cache County. And, two samples were collected from a site near
the Salt Lake City Airport in Salt Lake County. Locations of each site are presented in
Table 1.

Undisturbed samples were recovered from the sites using thin-walled Shelby
tubes. Radiographic (X-ray) images were made of all samples prior to opening sample
tubes to assess the sample quality and to select portions of the sample for testing.
Atterberg limits and hydrometer tests were performed on each sample to determine the
soil classification and index properties of soil specimen. Other physical properties of the
soil specimen were also determined prior to the RC/TS testing. The physical properties
and unified soil classification are presented in Table 2.



Table I Sample Sites Location

Site No. County Address

Geneva Rd. Bridge over
L Utah Provo River, Provo, UT

2835 S 1000 W
2 Cache Nibley, UT

USU Drainage Farm Site
3 Cache Logan, UT

BYU Research Site North
4 Salt Lake West of Salt Lake City

International Airport,
Salt Lake City, UT

All of the soil specimens in this study are fine-grained soils with, the percent
passing the No. 200 sieve all greater than 85%. The index properties of each soil
specimen are plotted on the plasticity chart as shown in Figure 1. Specimens from the
site near the Provo River, PRV37 and PRV67, are low to medium plasticity silty clay
(CL), except for one sample, PRV93, from the depth of 93 ft which was clayey silt with
very fine sands (ML). A specimen from shallow depth, SLC14, from a site near the Salt
Lake City airport is a low to medium plasticity clay (CL) and a specimen from a deeper
depth, SLC35, was low plasticity silty sand (ML). Soil specimens from Nibley, NBL24,
and Logan, I.GN14, are high plasticity clay (CH).

3 RC/TS TESTING PROCEDURE
3.1 Specimen Preparation

The X-ray images of the sample tube were visually examined to select the best
quality portions of the samples. Once a sample portion was chosen, each end of the
selected portion was cut using a tube cutter. The side of the tube was then cut vertically
using a band saw. In most case, the tube sprung open after cutting, and the soil was easily
removed. When the tube did not spring open, the opposite side of the tube was cut to
remove soil with minimal disturbance.

Soil specimens were carefully hand-trimmed to a diameter of approximately 1.4
inches and a height of about 3.0 inches using a trimming device and wire saw. Water
content was determined using the trimmings. The trimmed specimen was weighed and
dimensions were measured before placing the specimen on the base pedestal of the
RC/TS equipment.

Next, two small circular pieces of filter paper were placed over the drainage holes
on the base pedestal. The base pedestal was then secured to the base plate with four
screws. The specimen was then set on the base platen and the top cap was gently placed
on top of specimen. Two layers of latex membrane were then placed over the soil
specimen and each layer of membrane was sealed separately with O-rings on the top cap
and the base pedestal. A silicon oil bath was then placed around the specimen to
minimize the diffusion of air through the membrane.
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Figure 1 Unified soil classification of Bonneville clay specimens tested in this study

At this point the drive plate was attached to the top platen and the cell was
positioned around the specimen and drive plate. The confining pressure was then applied
and soil specimen was allowed to consolidate. When the specimen reached the end of
primary consolidation, RC/TS testing was performed.

3.2 RC/TS Testing Sequence

A series of RC and TS tests were performed on soil specimens at each confining
pressure. In this study, soil specimens were consolidated to the estimated mean in situ
effective confining pressure (¢'w) and two additional higher pressures at levels of 26",

and 40, The RC and TS test are separated into two categories; low-amplitude tests and
high-amplitude tests. The low-amplitude tests are tests at strains at which the soil
specimen behaves linearly. The high amplitude tests are tests at strains where the soil
acts nonlinearly. This nonlinearity can be identified from a decrease in resonant
frequency in the RC test. Typically, the strain of a high-amplitude test is above 107°%. .
In this study, the TS testing was performed using loading frequency of 0.333 Hz for 5
cycles. The TS testing sequence is presented in Figure 2. For each confining pressure
the TS tests were always performed first because the soil specimen was subjected to
fewer cycles than in the RC test. However, low-amplitude RC tests were always
performed before any high-amplitude TS tests to monitor any change in the small sirain
shear modulus (Gimax) of the soil specimen. If the Guax changed significantly, the testing
was paused until soil specimen returned to the original Gax.
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Figure 2 Testing sequence for the TS test

After finishing the last high-amplitude TS test, a low amplitude RC test was performed.
The RC test sequence is presented in Figure 3. Since the soil was subjected to high strain
during high-amplitude TS test, a significant decrease in the value of Gy was always
observed after the last high-amplitude TS test. A series of low-amplitude RC test were
then performed over period of time to monitor the increase in Gax of the soil specimen.
Once the value of Gy, was recovered to its original value (typically after at least 4
hours), the series of high strain amplitude RC tests were performed. The RC testing
sequence was similar, to the TS sequence, with low amplitude RC tests performed before
any high amplitude RC test. If the value of Gyax did not return to the original

value after a reasonably period of time, the change in the value of Gax was then recorded
and the next high amplitude test was performed.

For both RC and TS tests the shear strains from less than10™ to more than 10"%
were applied to the soil, depending upon the soil specimen stiffness. When the high
amplitude RC testing was completed the confining pressure was increased to the next
level, the specimen was allowed to consolidated and the RC and TS testing sequence was
repeated.
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Figure 3 Testing sequence for the RC test
4 RC/TS ANALYSIS PROCEDURE
4.1 Correction for Equipment Generated Damping

The electromagnetic model was used to predict the equipment generated damping,
Dyq, generated in the RC/TS drive system due to the back emf effect (Sasanakul 2005).
According to Sasanakul (2005), the back emf effect is modeled as an additional spring
and an additional dashpot creating additional stiffness and viscosity in the system. The
additional stiffness, called the equipment generated spring stiffness, ke, 1s considered to
be very small and can be neglected. The additional equipment generated viscous
damping coefficient, c.q, was used to calculate Deq. The ¢.q value can be predicted using:
kk,R
0 "R o] ®
where keq = equipment spring stiffness,
Ceq = quipment viscous damping coefficient,
R, = coil resistance,
L. = coil inductance,
ki = torque-current factor,
kg = back emf-rotational velocity factor, and
o = angular velocity (o = 2xf).



For the RC test, the value of D, is calculated from:

Ceq
D, =—. (2)
CC
where ¢, = critical damping coefficient (¢~ 4nf, 2J),
fy = undamped natural frequency of specimen (f, = w-fl“—T ), and

V1=-2D

2] = total polar moment of inertia of the system including such as drive
plate (J,,), top plate (J,).

The model parameters, k;, Re and L, have constant values of 0.318 Ib-ft/rad, 45.6
ohms, and 0.0256 H, respectively. Values of kg and J, vary with frequency. An example
of the calculations for correcting D on specimen LGN14 is presented in Table 3.

Increasing strain amplitude in RC tests results in decreasing resonant frequencies
as can be seen in Table 3. The Dey generated in the RC/TS drive system is inversely
proportional to the resonant frequency, so as the strain amplitude increases, the Deq also
increases. Figure 4 shows a plot of the predicted Dgq versus strain for the RC test of
specimen LGN14. This soil specimen is very soft with low-strain resonant frequency of
about 12 Hz, and a low-strain material damping of about 2%. As shown in Table 9.3 and
Figure 9.4, the calculated D ranges from about 0.8% at low-strain amplitudes up to as
high as 1.3% for high-strain amplitudes. The value of D, is almost 40% of the actual
material damping at low-strains. As a result, correcting for the equipment generated
damping, Deq, is critical when performing low-strain RC test on low-resonant frequency
soils (Sasanakul 2005).

Figure 5 shows the plot of measured D and corrected D versus strain amplitude
for specimen LGN4 at confining pressure of 6.2 psi. The damping was corrected by
subtracting the predicted Dgq from the measured D. This procedure was used to account
for the equipment generated damping for all of the RC tests throughout this study.

Table 3 Example of Calculations to Correct D for Equipment Generated Damping, Deg,
for RC Test of Soil Specimen LGN14 from Logan, Utah

?fes(’;l::éy Shear Measured | I,! k.2 Predicted | Calculated | Predicted | Corrected
(| Strain,y | D (lb-ft- Viradis) | & Dy D
(Hz) (%) (%) sec?) (Ib-fi-sec) | (Ib-fi-sec) | (%) (%)
11.96 1.286e-3 | 3.061 2.102e-3 | 03778 2.630e-3 | 3.178e-1 | 0.827 2.234
11.95 2.608e-3 | 3.012 2.102¢-3 1 0.3778 2.630e-3 | 3.176e-1 | 0.828% 2.184
11.88 4.962e-3 | 3.191 2.102¢-3 | 0.3778 2.630¢-3 | 3.157e-1 | 0.833 2358
10.80 1.100e-2 | 4.503 2.102e-3 | 03777 2.630¢-3 | 2.873¢-1 | 0.915 3.588
10.26 1.868e-2 | 7,112 2.102e-3 | 03777 2.631e-3 | 2.737e-1 | 0.961 5.15]
924 1341e2 |} 10.307 2.101e-3 | 03777 2.631e-3 | 2.47%-1 | 1061 9,246
8.24 4494¢-2 | 15.855 2.101e-3 | 03777 2.631e-3 | 2.244e-1 | 1.172 14.683
7.54 5.408e-2 | 20.595 2.101e-3 | 0.3777 2.632e-3 | 2.002e-1 | 1.258 19337
Note: 7, = 0.0021013+4.673¢-10fre>>

1.
2. kp = 0.3776+3.1227¢-Tfreq" "’
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Figure 5 Measured and corrected damping for a series of RC test on soil specimen
LGN14 obtained from Logan, Utah at a depth of 14 feet
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4.1 Application of Stress Integration Approach

The stress integration approach developed by Sasanakul (2005) was applied to all
of the RC/TS tests on Bonneville clay. This approach was developed to account for the
nonuniform stresses and strains occurring over the radius of the soil specimen. The basic
concept of this approach is to find a t—y relationship described by an assumed soil model
that results in a theoretical T-0 relationships that corresponds to the measured T-0
relationship using curve fitting techniques. Details of this approach are presented in
Sasanakul (2005).

The stress integration approach was used to develop modulus reduction curves
and damping curves using the following procedure. (1) Perform curve fitting on the
measured T- 0 relation using either the closed form solution or numerical itegration of
each soil models. (2) Select the best soil model that provides the best fit to the
experimental data. (3) Develop the modulus reduction curves based on the selected soil
model and the model parameters. (4) Determine values of R, based on the hyperbolic
model parameters over the range of rotations generating in testing. (5) Develop the
damping curve by calculating the shear strain associated with each value of 0 using the
appropriate R¢q value,

4,2.1 Curve Fitting for T-0 Relationships and Model Selection. The measured T-
8 relationships were developed from RC and TS test on seven soil samples at different
confining pressures. Figures 6 and 7 show the measured and calculated values of T are
plotted versus log 8 so the curve fitting can be evaluated over a wide range of strains for
specimen PRV93 from RC and TS tests. Curve fitting was performed on each measured
T-0 relationship using three soil models; the hyperbolic, the modified hyperbolic, and the
Ramberg-Osgood. The closed form solution was used to predict the T-0 relationship for
the hyperbolic model while the numerical integration was used to predict the T-0
relationship for the modified hyperbohc and the Ramber g—Osgood models. This
approach was applied for all soil specimen in this study.

The small strain shear modulus, G was evaluated from low strain RC/TS tests.
The Gax value for each test was known, therefore it was constrained during the curve
fitting. Summary of the model parameters and chi-square values determined from the
curve fitting are presented in Table 4. The shaded fields in Table 4 are the model
parameter providing the best fit.

Once the curve fitting was performed for each assumed soil model, the best fit
model was selected to represent the t—y relationship for the soil. Chi-square is one
indicator of how well the curve fitting matched the data. However, the chi-square value
was always considered along with visual justification. The chi-square should be used
alone only in the cases where all of assumed models match the measured T-@ relationship
such that the differences cannot be distinguished visually. In this study, the best fit soil
model was selected for each test individually after careful consideration.
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The modified hyperbolic model fit was the most commonly selected model for
predicting the 1—y relationships for Bonneville clay in this study. The Ramberg-Osgood
model generally fit the T-0 relationship at high strains better than the other two models.
However, the Ramberg-Osgood model fit the data poorly at strain levels close to the
clastic threshold strain, v.. The hyperbolic model fit the T-8 relationship well at low to
medium strain levels but typically fit the data poorly at high strain levels.

4.2.2 Development of Modulus Reduction Curve. The modulus reduction curve
(G versus log v), and normalized modulus reduction curve (G/Guax versus log y) were
developed from the 1—y relationship that provided the best fit to the measured T-0 data.
The modulus reduction curve and normalized modulus reduction curve are generated as
continuous functions. They can be generated for over any range of strains. However, it
is only rational to develop the curve for strain levels in the range where the T-0
relationship was measured. In this study, the modulus reduction curve was generated for
each RC and TS test for the range of strain levels up to the strain level performed in each
test which was corresponded to the maximum measured rotation, 8, measured for each
test. The equivalent radius approach was used to determine maximum measured strain,
Ymax, corresponded to that value of nax. The Yoy, of each test is calculated from:

: 8. R

Yo = Reg W_‘; (3)

where Req = equivalent radius ratio

R = radius of soil specimen, and

L = length of soil specimen.
The parameter v, from the hyperbolic model was used to obtain a normalized rotation
(Birax/0:). Thus, the value of Req is obtained from the normalized Req curve based on
shear modulus developed in Sasanakul (2005) and presented in Figure 8. The modulus
reduction curve at strains above ymgy is uncertain.
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Figure 8 R, curves versus normalized rotation based on G and D (Sasanakul 2005)
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The modulus reduction curve and normalized modulus reduction curve from RC
and TS tests on each soil specimen are presented in Figures 9-15. The modulus reduction
curves are plotted versus strain level up to the maximum measured strain, The curve was
then extended to higher strains using the dashed lines.

The results from RC and TS test were compared for all soil specimens except for
specimen PRV37. On this sample, only the RC test was performed. It should be noted
that the shear moduli obtained in the TS test, were evaluated from the first cycle of the
hysteresis loop. For all of the specimens except for specimen NBL24, the shear modulus
from TS test is higher than the shear modulus from the RC test. The two differences
between the RC and TS tests are the frequency and the number of loading cycles. The TS
tests were performed at a frequency of 0.333 Hz for five cycles while the RC test was
performed at resonant frequency with a high number of cycles. In general, the stiffness
of a cohesive soil increases as the frequency increases. On the other hand, stiffness
decreases as the number of cycles increases (Kim 1991). The lower values of shear
modulus in RC test maybe explained by the effects of cyclic degradation outweighing the
frequency effects.

The effect of confining pressure can be investigated using the normalized
modulus reduction curves. In Figures 9-15, the normalized modulus reduction curves
show small effects of confining pressure with the curves falling in a very narrow band
especially below the threshold strain v,

4.2.3 Development of Damping Curve. Material damping of the soil was
determined using the half power bandwidth method and the free vibration decay method
for the RC tests, and hysteretic damping for TS tests. The damping, D, was measured
with an associated 0 for each method. To develop damping curves, the modified R
approach presented in Sasanakul (2005) was used. The Req for damping can be obtained
for any given 0 using the curve presented in Figure8, if the hyperbolic reference strain, v,
is known. _

Procedures for developing damping curves are as follows. (1) Determine the
value of ¥, from hyperbolic model using the stress integration approach. (2) Calculate

%. (3) Determine the value

normalized quantity 6/6; where 6, is calculated using 0, =

of Req from Figure 8. (4) Calculate y for a given 0 using the R, value. Figure 16 shows
an example of the R values used to develop the damping curve for the TS test on sample
PRV93.

In this study, the half power bandwidth method was used in the RC test for
determining damping of soil in its linear range (D). The free vibration decay method
was used to determine the damping at high strains in the RC tests. Free vibration decay
tests were only performed on soil specimens obtained from Logan and near Salt Lake
City Airport. Figures 17-19 shows the material damping curves for specimens from
Provo and Nibley. The high strain damping of specimens from Provo and Nibley were
obtained only from the TS test. The damping for specimen PRV37 is not presented
because the TS test was not performed on this specimen.
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Figure 9 Modulus reduction curves and normalized modulus reduction curves measured
at various confining pressures for soil specimen PRV37 near the Provo River at a depth

of 37 ft



17

6
SXIO Illli ] ] !l"‘ll L] 1 1 |'|||II. T L 1 Illlli ] T L]
P — o —— RC Test
) e T8 Test
g 3 - \‘\.&\‘ —
=
(@)
2 e
1 -
0 1 |||i 1 L
10" 10° 10° 10"
¥ (%)
1-2 ll"l ] ] 1 'lllll L ] ] |||||| 1 ] ) ll]"} ) 1 1]
T "
0.8 - e
g
] Sample ID: PRV67
© 06k RC and TS Test Results —
— 20.7 psi
— 41.4 psi
oul [ 828psi i
02} “g
0-0 Illll 1 1 1 Illlil 1 1 1 |||Ili 1 1 1 lllll’ 1 1 L
10™ 10° 107 10"

¥ (%)
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Figure 14 Modulus reduction curves and normalized modulus reduction curves
measured at various confining pressures for soil specimen SLC14 near Salt Lake City
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Figure 16 FExample for the evaluation of Re values for generating material damping
curves for specimen PRV93

Figures 20-22 shows a comparison of material damping from RC and TS tests for
specimens obtained from Logan and near the Salt Lake City Airport. The Dy, obtained
from RC and TS tests match well. However, the high strain damping measured in RC
tests is higher than the damping measured in the TS tests. Typically, material damping
for cohesive soil is independent of number of cycles but is significantly effect by the
frequency (Kim, 1991). The RC and TS tests are performed at different frequencies. In
the RC test, damping is measured at resonant frequency (above 10 Hz for this study)
while the damping in the TS tests was measured at 0.333 Hz for this study.

Typically, the damping curve is not presented in terms of a normalized quantity.
The effect of confining pressure can be observed from the typical damping curves as
shown in Figures 17-22. In general, the damping value decreases as the confining
pressure increases. In this study, the confining pressure has a very small effect on the
damping of Bonneville clay. In most cases, the damping values measured at different
confining pressures at the same strain level are similar. An example of this is specimen
PRV93 presented in Figure 18.
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Figure 17 Damping curves measured on soil specimen PRV67 obtained near the Provo

River at a depth of 67 ft
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River at a depth of 93 ft
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Figure 21 Damping curves measured on soil specimen SLC14 obtained near Salt Lake

City Airport at a depth of 14 ft
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5 DISCUSSION ON FACTORS AFFECTING MODULUS REDUCTION
AND DAMPING CURVES

This section contains a discussion of the effects of plasticity index and confining
pressure on the mormalized modulus reduction and damping curves. The normalized
modulus reduction curves and damping curves are compared with generic curves used in
practice for a given plasticity index and confining pressure.

5.1 Plasticity Index Effect

An important soil property affecting the nonlinear stress-strain behavior of clay is
plasticity index (PT). The seven Bonnville clay specimens used in this study have PI's
ranging from 2 to 34 as shown in Table 2. The effect of PI can be evaluated using
normalized modulus reduction curves for all soil specimens at their in situ mean effective
confining pressure presented in Figure 23,

The normalized modulus reduction curves presented in Figure 23 were
determined from RC and TS tests. Soil specimens used in this study can be divided into
four groups: samples with PI’s of 34, samples with PI’s of 17-20, samples with PT's of
10-11, and samples with PP’s of 2. In general, soil behaves more lincarly (the elastic
threshold strain, yc‘, increases) as the PI increases. This general trend of PI with soil
linearity is not clearly observed in the RC test results. For the TS test results, the samples
with PI of 34 behave more linear than the samples with PT’s of 10-17. An outlier was
observed in sample with a PI of 11 that behaves as linearly as the samples with a P1 of 34.
The sample with a PT of 2 was expected to behave the most nonlinearly but, the results
show that this sample behaves similarly to the samples with PI’s of 10-20. This might be
because this sample has the interbeded layers of silt and clay. The clay layers may have
more effect on damping than the silt layers.

The variation of damping with PI for the Bonneville clay tested in this study is
presented in Figure 24. In general, the damping decreases as PI increases. The measured
damping in TS test on specimen SLC35 with PI of 2 has the highest damping value. In
the TS tests, the damping in specimens LGN14 and NBL24 with PT’s of 34 show the
lowest values of damping. Therefore, the damping behavior of Bonneville clay is typical
of cohesive soils.

Empirical curves used to estimate modulus reduction and damping curves based
upon PI where compared with the results from RC and TS tests on Bonneville clay. The
empirical curves used are curves by Sun et al. (1988), Vucetic and Dobry (1991), and
Darendeli (2001). ‘
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Figare 24 Variation of damping with P1 for RC and TS tests on Bonneville clay

Sun et al. (1988) proposed empirical modulus reduction and damping curves for
clays with different ranges of PI's. Figure 25 and 26 show the comparison for the curves
measured in this study and the curves proposed by Sun et al. (1988). In Figure 25, three
empirical curves are plotted for PI ranges of 5-10, 10-20, and 20-40. Bonneville clay
specimens with PI’s of 2-20 plot close to the Sun et al (1988) curve for a PI range of 10-
20. The modulus reduction curves for samples with Pl of 34 are in reasonably agreement
with the Sun et al curve for a PI range of 20-40. The empirical curve for a PI range of 5-
10 underestimates the measured modulus for the soil specimen with a Plof 2.

Sun et al. (1988) proposed the empirical damping curves with no correlation to Pl
as shown in Figure 26. The damping curve of Bonneville clay from TS tests plot close to
the average curve at medium strains and close to the upper bound at high strains. While
the small strain damping curve plots closer to the lower bound curve. However, these
empirical damping curves span such a wide band that they are of little practical value.



12 i 1 llllli] L) I IIIIIII L) ) IIIIIII L] ) IIIIIII 1 UL
1.0 — . ]
RC Test
0.8 b e? 7 -
Confining Pressure = o,
;‘Eé — Sunetal. (1988)
@)
o 06 Sample -- PI
—— LGNI14 --PI=34
- - - NBL24 -- PI=34
i L= —— PRV37--PI=20
---SLCl4--PI=17 PI
PRV67--PI=11
PRV93 --PI=10
021 — SLC35 - PI=2
PI=5-10
0‘0 L 1 Ilillll L 1 IiIIIII L 1 Illlll[ 1 1 llllll! 1 L1 1 tlll
10° 10" 10° 10 10" 10°
) ) ¥ (%)
a) Comparison with RC test results
1.2 ] ll||llll T illlllll 1 IIFIIIII T lllllllt ] LI L LA
140 | =
8 L= TS Test ! _
Confining Pressure = o,
QE Sample -- PI
o 06 —— LGN14-- P =34 -
- - - NBL24 --PI=34
---SLCl4--PI=17
0.4 -~ PRV67--PI=11 =
-~ - PRV93--PI=10
—— SLC35--PI=2 PL=20-40
0_2 — e Sun et a]. (1988) P1= 10_20 /
PI=5-10
0.0 1 1 IIIlIII 1 1 lllllli 1 1 Illllll (] 1 IIIIIII L | O I N}
10° 10" 10° 10° 10" 10°

. ; ¥ (%)
b) Comparison with TS test results

30

Figure 25 Comparison of normalized modulus reduction curves of Bonneville clay with
empirical curves proposed by Sun et al. (1988)
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Figure 26 Comparison of damping curves of Bonneville clay with empirical curves
proposed by Sun et al. (1988)

Comparisons of modulus reduction curves and damping curves to the empirical
curves proposed by Vucetic and Dobry (1991) are presented in Figures 27-28. The
Vucetic and Dobry (1991) curves for P1 of 2, 10, 20, and 34 were generated by
interpolation from their original proposed curves. In Figure 27, the Vucetic and Dobry
(1991) modulus reduction curve for P1 of 34 shows good agreement with the curves of
Bonneville clays with the same PI value. The Vucetic and Dobry (1991) curves for PI of
3 and 10 exhibit more nonlinearity than the actual behavior of Bonneville clay at the
same values of PI.

Damping curves proposed by Vucetic and Dobry (1991) show higher values of
damping at medium strain levels (10°-10%%) than the damping curves for Bonneville
clay presented in Figure 28. The Vucetic and Dobry (1991) damping curves also show a
more pronounced effect of PI than was measured on the Bonneville clay. The Vucetic
and Dobry (1991) damping curves have been left undefined at low sirains. At high
strains, the Vucetic and Dobry (1991) damping curves underestimates the Bonneville clay
damping curves. The measured damping for the soil sample with a PI of 2 matches well
with the Vucetic and Dobry (1991) curve for a PT of 2 at strains above 0.1%.
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Figure 27 Comparison of normalized modulus reduction curves of Bonneville clay with
empirical curves proposed by Vucetic and Dobry (1991)
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Figure 28 Comparison of damping curves for Bonneville clay with empirical curves
proposed by Vucetic and Dobry (1 991)

Darendeli (2001) proposed a model to predict the modulus reduction curves and
damping curves accounting for the effect of PI, confining pressure, OCR, frequency
(freq), and number of cycles (N). The modulus reduction curves and damping curves
were generated using the proposed model by Darendeli (2001) for PT values of 2, 10, 20,
and 34 with an OCR =1, Gm/ =1 atm, freq = 0.333 Hz, and N = 5 ¢ycles. The Darendeli
(2001) curves were compared with Bonneville clay curves in Figures 29-30.

The Darendeli (2001) modulus reduction curves show a smaller PI effect than the
other empirical curves. In Figure 29, all of the Darendeli (2001) curves for different P1
plot below the curve for Bonneville clay. This indicates that Bonneville clay behaves
more linearly than predicted by the Darendeli (2001). Tt is interesting to note that the
width of the band for effect of PI value of of 2 up to 34 predicted by Darendeli (2001) 1s
close to the bandwidth of the measured curves.

Damping curves proposed by Darendeli (2001) are compared to the measured
damping in Figure 30. Again, the damping curves proposed by Darendeli (2001) shows
narrow band of PI effect. Damping from RC test was higher than that predicted damping
by Darendeli (2001). However, the damping from TS tests matches the Darendel (2001)
damping curve at high strains. The Darendeli (2001) damping curve slightly
overestimates the damping at medium strains. This is consistent with the more linear
behavior of Bonneville clay. The Darrendeli (2001) damping curve for a Pl of 2
underpredicts the damping of the Bonneville clay at high strains.
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Figure 29 Comparison of normalized modulus reduction curves of Bonneville clay with
empirical curves proposed by Darendeli (2001)
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Figure 9.30 Comparison of damping curves for Bonneville clay with empirical curves
proposed by Darendeli (2001)

5.2 Confining Pressure Effect

In this section, the effects of confining pressure on the modulus reduction curves
and damping curves for Bonneville clay is compared with the empirical curves developed
by Darendeli (2001). The empirical curves are compared with the results from TS tests
on soil specimen PRV93. Three different confining pressures were applied to this
specimens during testing. The sample PRV93 was confined at mean effective stresses of
28, 56, and 112 psi. The modulus reduction and damping curves of the specimen PRVY3
are presented in Figures 11 and 18, respectively.

The normalized reduction and damping curves for sample PRV93 are compared
with the Darendeli (2001) empirical curves presented in Figure 31. The normalized
reduction curve becomes more linear as the confining pressure increases. Damping
curves of specimen PRV93 shows a very small effect of the confining pressure.

The Darendeli (2001) curves in Figure 31 were regenerated for the same
confining pressure at which each specimen was subjected to in the RC and TS tests. In
Figure 31, the measured normalized modulus reduction curve for sample PRV93 plots
above the predicted curves. Less effect of confining pressure is seen in the normalized
reduction curves of PRV93 than that predicted by the Darendeli (2001). For damping,
the Darendeli (2001) curve plots above the measured curve at medium strains. With the
normalized modulus reduction curve, the effect of confining pressure in damping for
PRVO3 is less than that predicted by Darendeli (2001).
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Figure 31 Comparison of confining pressure effects from TS tests on specimen PRV93
and curves proposed by Darendeli (2001)



Toch

]

37

$.3  Recommended Empirical Relationships for Bonneville Clay

The overall behavior of Bonneville clay was found to behave more linearly than
was predicted by the empirical curves for behavior of typical clay at the same values of
PL If the empirical curves proposed by Vucetic and Dobry (1991) and Darendeli (2001)
are used to predict the modulus reduction and damping curves, the values of PI should be
corrected to provide the better match between the empirical curves and the actual
behavior of Bonneville clay. The recommendations for correcting P1 for both empirical
relationships are presented below.

The modulus reduction curves predicted by Vucetic and Dobry (1991) show
better agreement with the behavior of Bonneville clay when the values of PI increase by
10. Comparison of modulus reduction and damping curves for before and after
correcting PI values are shown in Figures 32-35. The modulus reduction and damping
curves of Bonneville clay presented in Figures 32-35 were generated for PI of 2, 10-11,
17, and 34. The Vucetic and Dobry (1991) curves were generated for the same values of
PI and for the PI values of 12, 21, 27, and 44. Correcting for Pl values show
improvement in predicting modulus reduction curves for all specimens and the best
results were observed for specimens with PI values of 17 and 34. For damping curves,
correction of PI values to generate the Vucetic and Dobry (1991) damping curves shows
less effective than the modulus reduction curves. This is due to the undefined damping
curves from Vucetic and Dobry (1991) at low to medium strains.

Effect of PI on the modulus reduction curves predicted by Darendeli (2001) 18
similar to the behavior of Bomneville clay. However, the Darendeli (2001) curves
pronounce more nonlinearly than the actual behavior of Bonneville clay. Correction of
PI when using the Darendeli (2001) curves is recommended in this study. The
relationship of actual PI value and recommended PI value used to generate the Darendeli
(2001) curve that provide the best match to the behavior of Bonneville clay is shown in
Figure 36. The PI values used for the Darendeli (2001) model should be increased
linearly with the actual PI values of Bonneville clay. Linear relationship determined
based on the results of this study is presented in Figure 36. The corrected PI values can
be calculated and used to generate the modulus reduction and damping curves proposed
by Darendeli (2001). Comparison of modulus reduction and damping curves for before
and after correcting PI values are shown in Figures 37-40. Significant improvement in
predicting modulus reduction curves and slight improvement in predicting damping
curves was observed for all soil specimens. Modulus reduction and damping curves
predicted by Darendeli (2001) using the PI correction provides better match to the
measured curves than the curves predicted by Vucetic and Dobry (1991).
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Figure 32 Comparison of modulus reduction and damping curves on specimen SLC35
and curves proposed by Vucetic and Dobry (1991) before and after correcting PI values
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Figure 33 Comparison of modulus reduction and damping curves on specimen PRV67
and PRV93 and curves proposed by Vucetic and Dobry (1991) before and after
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Figure 34 Comparison of modulus reduction and damping curves on specimen SLC14
and curves proposed by Vucetic and Dobry (1991) before and after correcting PI values
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Figure 35 Comparison of modulus reduction and damping curves on specimen LGN14
and NBL24 and curves proposed by Vucetic and Dobry (1991) before and after
correcting PI values
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5.4  Conclusions

The overall behavior of Bomneville clay was found to behave more linearly than
was predicted by the empirical curves for behavior of typical clay at the same values of
PL. Less confining pressure effect was also observed for Bonneville clay. The empirical
curves proposed by Darendeli (2001) provide the best match with the behavior of
Bommeville clay. The more linear behavior of the Bonneville clay may be explained by
geologic age effect. Bonneville clay is a relatively young soil, deposited 12,000-20,000
years ago during the Quaternary period. Zhang et al. (2004) compared modulus
reduction curves from three groups of soils: Quaternary, Tertiary and older, and
residua/saprolite. They found that Quaternary soils exhibit more linearity than soils of
the other two groups. They also observed that most of the soils used to develop the
Darendeli (2001) model are Tertiary soils. Accordingly, Zhang et al. (2004) showed a
belter agreement between the Darendeli (2001) model and Tertiary age soils than the
Darendeli (2001) model and Quaternary soils. Correcting empirical relationships by
increasing PI may provide more accurate modulus reduction and damping curves of
Bonnevilie clay.
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Figure 37 Comparison of modulus reduction and damping curves on specimen SLC35
and curves proposed by Darendeli (2001) before and after correcting PI values
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Figure 38 Comparison of modulus reduction and damping curves on specimen PRV67
and PRV93 and curves proposed by Darendeli (2001) before and after correcting PT
values
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Figure 39 Comparison of modulus reduction and damping curves on specimen SLC14
and curves proposed by Darendeli (2001) before and after correcting PI values
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Figure 40 Comparison of modulus reduction and damping curves on specimen LGN14

and NBL24 and curves proposed by Darendeli (2001) before and after correcting PI

values
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